Transcription of the P1 plasmid addiction operon, a prototypical toxin-antitoxin system, is negatively autoregulated by the products of the operon. The Phd repressor-antitoxin protein binds to 8-bp palindromic Phd-binding sites in the promoter region and thereby represses transcription. The toxin, Doc, mediates cooperative interactions between adjacent Phd-binding sites and thereby enhances repression. Here, we describe a homologous operon from Salmonella enterica serovar Typhimurium which has the same pattern of regulation but an altered repressor-operator specificity. This difference in specificity maps to the seventh amino acid of the repressor and to the symmetric first and eighth positions of the corresponding palindromic repressor-binding sites. Thus, the repressor-operator interface has coevolved so as to retain the interaction while altering the specificity. Within an alignment of homologous repressors, the seventh amino acid of the repressor is highly variable, indicating that evolutionary changes in repressor specificity may be common in this protein family. We suggest that the robust properties of the negative feedback loop, the fuzzy recognition in the operator-repressor interface, and the duplication and divergence of the repressor-binding sites have facilitated the speciation of this repressor-operator interface. These three features may allow the repressoroperator system to percolate within a nearly neutral network of single-step mutations without the necessity of invoking simultaneous mutations, low-fitness intermediates, or other improbable or rate-limiting mechanisms.
Bacteriophage P1 can be transmitted horizontally, as a viral particle, or vertically, as the P1 plasmid prophage (36) . The low-copy-number P1 plasmid (61) is remarkably stable (67) due to faithful replication (6) , partition (5), resolution (7) , and addiction (43) functions. Replication and resolution system functions act to maintain a copy number of approximately one to two separate plasmid molecules per chromosome, while the partition function ensures that each daughter cell gets at least one plasmid copy. Should these systems fail, the P1 plasmid addiction operon, a classic toxin-antitoxin system, acts to arrest the plasmid-free cell. Elimination or arrest of plasmid-free cells may leave more resources for plasmid containing cells (17, 74) .
The P1 plasmid addiction operon encodes a 73-amino-acid repressor-antitoxin, Phd, which prevents host death, and a 126-amino-acid toxin, Doc, which is responsible for death on curing (plasmid loss) (43) . The Phd antitoxin is both synthesized (43) and degraded at a higher rate than the toxin, Doc. Degradation of Phd is dependent upon the host-encoded, ATP-dependent ClpXP protease (44) . While the plasmid is maintained, there is enough antitoxin present to neutralize the toxin. When the plasmid is lost or if expression is halted due to some other cause, the continuing degradation of the antitoxin, in the absence of new synthesis, unveils the toxin and thus arrests the cell.
Transcription of the P1 plasmid addiction operon is inhibited by the protein products of the operon (47) . The promoter region of the addiction operon contains two 8-bp palindromic sites that are 13 bp apart, center to center (Fig. 1) . Each palindromic site is bound cooperatively by a dimer of Phd (30, 47) . The two adjacent sites are filled independently in the absence of Doc but cooperatively in the presence of Doc (48) . Thus, Doc mediates cooperative interactions between the adjacent sites and thereby enhances repression (48) . Doc does not appear to have any direct contact with the operator DNA. A comparable autoregulatory loop is typically found in analogous toxin-antitoxin systems (1, 23, 25, 26, 32, 38, 39, 42, 45, 46, 51, 57, 58, 59, 66, 68, 69, 71, 73, 77, 78, 81, 82, 83, 86) .
Analogous toxin-antitoxin systems are commonly found on low-copy-number plasmids and on bacterial chromosomes (reviewed in references 27, 31, 34, 35, 38, 64, 65, 85, and 87) . The chromosomal elements, like the plasmid-borne elements, might be viewed as selfish, self-selecting genetic elements (48, 54, 74) . Alternatively, it is possible that they regulate cell growth (19, 31, 52) or cell death (2) in a manner that is ultimately beneficial for the bacterial host. Fulfillment of such different functions might require different patterns of gene regulation.
The interaction between repressor and operator can be retained, while the specificity is altered, if the repressor and operator covary or coevolve. Mechanistically, this coevolution presents special conceptual problems. An alteration in the specificity of the system requires, by definition, one or more mutations in the repressor and one or more corresponding or compensatory mutations in the operator. Thus, the fitness or function of a given operator is contingent upon the sequence of the corresponding repressor. This epistatic relationship corresponds to a rugged (digital) adaptive landscape with many high spots (peaks) and many low spots (valleys) corresponding to compatible and incompatible repressor-operator combinations. The passage of the system from one specificity to a second different specificity requires the simultaneous occurrence of two or more mutations, which is unlikely, passage through a low-fitness intermediate (valley), which is unfavorable and infrequent, or stepwise passage through a series of at least two neutral fitness intermediates with overlapping speci-ficities (a ridge or neutral network), which may be unparsimonious. The general problem is applicable to a variety of microevolutionary and macroevolutionary problems and thus has long been the subject of considerable theoretical interest (4, 22, 29, 40, 84) and has recently become a subject of some experimental interest (15) .
Here, we compare and contrast the DNA binding specificities of P1 Phd protein and a homologous Salmonella enterica FIG. 1. Alignments of nucleotide and protein sequences from the P1 and Salmonella addiction operons. A. Alignment of P1 and Salmonella operator regions. In order to identify possible Salmonella operators, regions upstream of P1 phd and Salmonella phd were compared. The P1 sequence contains two palindromic Phd-binding sites spaced 13 bp apart, from center to center. The Salmonella DNA contains three very similar palindromic sites with the same 13-bp spacing between the centers of adjacent sites. The consensus P1 and Salmonella operators are eight nucleotides long and differ only in the first and last positions. Thus, it appears that the 6-bp core of the operator is conserved and that the promoter specificity may be regulated by the two flanking base pairs. B. Alignment of P1 and Salmonella Phd proteins. The two proteins have approximately 41% amino acid identity. An alternative start for the Salmonella Phd protein would add two amino acids to the N terminus of the protein (see Fig.  3 ). C. Alignment of P1 and Salmonella nucleotide sequences at the phd/doc boundary. Relative to the P1 sequence, the Salmonella sequence has a 3-bp insertion into the stop codon of phd. The insertion generates a new stop codon at the same position, destroys the original start codon for Doc, but simultaneously generates a new start codon in a slightly different position. Thus, the stop codon for P1 Phd and the start codon for P1 Doc overlap by 1 bp (TAATG), whereas the stop codon for S. enterica serovar Typhimurium Phd and the start codon for S. enterica serovar Typhimurium Doc overlap by 4 bp (ATGA). The overlapping start and stop codons are consistent with the hypothesis that toxin and antitoxin synthesis may be translationally coupled. D. Alignment of P1 and Salmonella Doc proteins. The two proteins have approximately 45% amino acid identity. Relative to the P1 Doc protein, the Salmonella Doc protein has two additional amino acids at the N terminus, due to the insertion discussed above, and six fewer amino acids at the C terminus.
serovar Typhimurium Phd protein. We map the major specificity determinants in the repressors and the corresponding operators. We present evidence that the alteration of this repressor-operator interface is frequent and is most likely to occur through a stepwise sequence of nearly neutral intermediates with "fuzzy" or overlapping specificities. We suggest that certain common features of DNA-binding proteins, including fuzzy recognition and the approximate independence of individual protein-DNA contacts, may be more easily explained by the evolutionary processes that produced them than by the functions they currently perform.
MATERIALS AND METHODS
Microbiology. All Escherichia coli strains used were derived from MC1061 (16) . Bacterial strains were grown, manipulated, and stored by standard techniques (55) . Bacteria (Table 1) were grown at 30°C in Luria broth (LB) or LB agar (Fisher Scientific) containing 100 mg of ampicillin per liter, 30 mg of kanamycin per liter, and 80 mg of spectinomycin per liter, as indicated, to select for plasmid introduction or maintenance. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was used at a final concentration of 0.1 mM as indicated to induce transcription from the P tac promoter (24) . Liquid cultures were grown with aeration in a shaking water bath or in a roller drum revolving at 30 rpm.
Molecular biology. Genomic DNA was prepared by standard methods (8) . Plasmid DNA was prepared by alkaline lysis with standard protocols (70) or commercial kits (Qiagen). Oligonucleotide primers (Table 2) were used in PCRs (56) with Taq polymerase to amplify DNA segments of interest and to flank those segments with convenient restriction enzyme sites.
Site-directed mutagenesis. Site-directed mutations in P1 phd, Salmonella enterica serovar Typhimurium phd, and the P1 addiction promoter were generated with primer-encoded mutations (mismatches). PCR fragments and plasmid vectors were digested with restriction enzymes, purified on 1.0% low-melt agarose in 1x Tris Acetate EDTA electrophoresis buffer, ligated with T4 DNA ligase, and then introduced into Escherichia coli by calcium chloride transformation (21), using standard protocols and techniques (70) . Transformants were selected and colony purified on LB agar containing the appropriate antibiotics. Plasmid constructs (Table 3) were validated by electrophoretic sizing of restriction fragments and by dideoxynucleotide sequencing (MWG Biotech).
Identification and cloning of the Salmonella addiction operon. TBLASTN (3) was used to identify an operon in Salmonella enterica serovar Typhimurium LT2 (53) that encoded a homolog of both Phd and Doc. PCR was used to amplify the addiction operon (including promoter, antidote gene and toxin gene) from Salmonella enterica servoar Typhimurium. Chromosomal DNA isolated from Salmonella enterica servoar Typhimurium was used as a PCR template with primers st104 and st103 (Table 2) to generate a 939-bp PCR product that contains a 9 bp tag with a HindIII site, 205 bp upstream sequence, 587 bp of sequence containing the two slightly overlapping ORFs encoding S. enterica serovar Typhimurium Phd and S. enterica serovar Typhimurium Doc, 129 bp downstream sequence, and a 9-bp tag encoding an EcoRI site. The PCR fragment and the pGB2ts vector were digested with HindIII and EcoRI, gel-purified and then ligated to produce pXZ006. The sequence of the insert, as determined by dideoxynucleotide sequencing, conformed in detail to the published sequence of Salmonella enterica servoar Typhimurium LT2 (53) . The Salmonella chromosomal DNA or the pXZ006 plasmid containing the operon was used as the template for all subsequent PCRs.
Single-copy lacZ reporters. The addiction operon promoters were first cloned in a multicopy plasmid vector containing lacZYA (pRS415) or lacZ␣ (pRS1553) and validated by dideoxynucleotide sequencing. Expression of lacZ␣ is less toxic than expression of lacZ and therefore permits the cloning of a stronger promoter on a multicopy vector (C. M. Pepe and R. W. Simons, personal communication). The promoters were then transferred by homologous recombination to a phage (RS45 or RS468) (Table 4) using standard methods (72) (33) . All ␤-galactosidase experiments were performed on Escherichia coli strains lysogenized with a recombinant phage (Table 1) . Various plasmids (expressing LacI q or addiction proteins under P tac control, or addiction proteins under the control of their natural promoters) were introduced into each lysogen by calcium chloride transformation, as indicated (Table 1) .
␤-Galactosidase assays. ␤-Galactosidase assays were performed essentially as described by Miller (55) . Cells were grown at 30°C in LB medium supplemented with antibiotics to maintain selection for the resident plasmids. At intervals during exponential growth, the Optical Density of the culture at 600 nm was measured, 0.400 ml samples of the culture were vortexed vigorously with 0.010 ml of toluene to permeabilize the cells, and the permeabilized samples were then stored on ice or frozen until needed. (Alternatively, 0.040 ml samples were mixed with 0.360 ml diluent, vortexed with toluene, and stored). Samples of growth medium were also taken to generate spectrophotometric blanks. Samples were thawed in a 30°C water bath, mixed with 0.800 ml of 1 mg/ml solution of prewarmed ONPG (2-nitrophenyl-␤-D-galactopyranoside) in Z-buffer, incubated at 30°C for a measured interval of time to allow the hydrolysis of the substrate, and then quenched by addition of 0.500 ml of 1 M Na 2 CO 3 . The quenched samples were stored on ice and then centrifuged for 3 min at 10,000xg to pellet the cells. The absorbance of the supernatant was measured at 420 nm. ␤-Galactosidase specific activity was defined as 1,000 ϫ (absorbance at 420 nm) Ϭ [(volume of sample in milliliters) ϫ (optical density at 600 nm) ϫ (minutes of incubation with ONPG)].
RESULTS AND DISCUSSION
Similar operators, antitoxins, and toxins. In order to learn more about the evolution and function of the P1 addiction operon, we identified, cloned, and characterized a homologous chromosomal operon from Salmonella enterica serovar Typhimurium ( Fig. 1 ) as described in Materials and Methods. Inspection of the sequences indicated that the Salmonella and P1 addiction operons had very similar operators, antitoxins, and toxins. The P1 operator consists of two 8-bp palindromic Phdbinding sites, spaced 13 bp apart, center to center (47) (Fig.  1A) . The Salmonella promoter region has three similar palindromic sites, also spaced 13 bp center to center (Fig. 1A) . The consensus of the Salmonella palindromes, TTGT ⅐ ACAA, and the consensus of the P1 palindromes, GTGT ⅐ ACAC, shared the same central six bp core sequence and differed only in the symmetric first and eighth positions (Fig. 1A) . The P1 and Salmonella Phd proteins are both 73 amino acids long and have approximately 41% amino acid identity, with no gaps (30 identities in 73 amino acids) (Fig. 1B) . The corresponding P1 and Salmonella toxins are similar in length (126 and 122 amino acids, respectively), they align without gaps over most (120 amino acids) of their length, and they have approximately 45% amino acid identity (Fig. 1D) . In both operons, the stop codon for the antitoxin and the start codon for the toxin are slightly overlapped, although in this instance there are some intriguing differences in detail and evidence of a small 3-bp insertion or deletion (Fig. 1C ).
Autoregulation and cross-regulation of the Salmonella addiction operon. Since the P1 addiction operon is negatively autoregulated by its products, we wondered whether the Salmonella addiction operon was also negatively regulated by its products. This question was especially interesting because in the growth control hypothesis (18), a chromosomal system must be triggered, presumably by reduced expression due to starvation, without actually losing the element. Negative autoregulation would tend to oppose or prevent such a triggering of the system. In order to test for promoter activity and transcriptional regulation, 726 bp of DNA upstream of the Salmonella operon was subcloned and fused to a transcriptional lacZ reporter as described in Materials and Methods.
When the full Salmonella addiction operon was provided in trans, expression of the promoter was repressed 25-fold as indicated by the production of ␤-galactosidase from the lacZ fusion (Table 5 ). This indicated that the Salmonella addiction operon was expressed in Escherichia coli and that the Salmonella addiction operon, like the P1 addiction operon, was neg- atively autoregulated by one or more of its products. In order to test the specificity of regulation, we compared the ability of the P1 and Salmonella operons to regulate the homologous and heterologous promoters in trans. The Salmonella operon strongly repressed its own promoter (25-fold repression) but had little effect on the heterologous P1 promoter (1.5-fold repression), as shown in Table 5 . Similarly, the P1 operon strongly repressed its own promoter (Ͼ400-fold repression), but had little or no effect on the Salmonella promoter (1-fold repression) (Table 5 ). Thus, under physiological conditions, the regulation of the two systems was highly specific. Similar corepression. In the P1 addiction operon, the antitoxin alone is sufficient to repress transcription of the operon, but the toxin can dramatically enhance repression. In order to determine whether the same regulatory pattern was observed in the Salmonella addiction operon, we measured expression of the fusion in the presence of the Salmonella antitoxin alone, antitoxin and toxin, or neither protein. In order to avoid complications of autoregulation on the amounts of protein provided in trans, the antitoxin gene and the antitoxin-toxin pair of genes were removed from their natural context and placed under the control of the heterologous IPTG-inducible Ptac promoter. We observed ( Table 6 ) that in the absence of IPTG, the Salmonella antitoxin was sufficient to repress transcription of the promoter approximately 2.5-fold and that in the presence of the toxin repression was enhanced to more than 65-fold. Thus, the general patterns of regulation of the Salmonella and P1 addiction operons were very similar. In the presence of IPTG, the repression by the Salmonella antitoxin could be boosted from 2.5-fold repression to approximately 29-fold repression (Table 6) .
Specificity determinants map to the antitoxins. We suspected that differences in promoter specificity would map to the Phd proteins. In fact, under conditions where the P1 Phd protein repressed the P1 promoter (7.8-fold repression) it had no effect on the S. enterica serovar Typhimurium promoter (1.1-fold repression) ( Table 7) . Conversely, under conditions where the S. enterica serovar Typhimurium Phd protein strongly repressed the S. enterica serovar Typhimurium promoter (26.7-fold repression), it had little effect on the P1 promoter (1.3-fold repression) (Table 8) . Thus, the differences in specificity observed under physiological conditions in the presence of both antitoxin and toxin (Table 5) were qualitatively recapitulated in the presence of antitoxin alone (Tables 7 and 8 ), indicating that the specificity determinant mapped to the antitoxin proteins.
␤-Sheet model for the protein-DNA interaction. Since proposed consensus P1 and Salmonella 8-bp Phd binding sites differed only in the first and last positions, it seemed likely that the promoter specificity of the P1 and Salmonella antitoxins might be governed by one or at least a very few amino acid changes. It had previously been proposed that Phd might be a ␤-sheet DNA-binding protein (47) and that the N termini of a Phd dimer might form an antiparallel ␤-sheet, similar to those observed in Arc and Mnt, that would sit in the major groove of the DNA and mediate the specific protein-DNA contacts. Secondary-structure predictions of P1 and Salmonella Phd indicate that the N termini of the proteins may adopt a ␤-sheet conformation. Consistent with this hypothesis, deletion of the N terminus of Phd abolished the repressor but not the antitoxin activity of P1 Phd (74) .
Since the N terminus of Phd had been specifically implicated in transcriptional repression, we compared the Phd proteins to the well-characterized ␤-sheet DNA-binding proteins Arc (63) (41) and Mnt (41) (Fig. 2A ) and then generated a specific model for the Phd-DNA interaction with this antiparallel ␤-sheet motif (Fig. 2B) . In the most pleasing model (Fig. 2B ) the well-conserved hydrophobic residues at positions 2 and 4 point away from the DNA and towards the protein core, while three key hydrophilic residues (positions 3, 5, and 7) point towards the DNA contact-specific bases in the major groove of the DNA. In the dimer (Fig. 2B) , amino acid 5 is proposed to be opposite amino acid 5 in the other strand. Similarly, position 2 in one strand is proposed to be in close proximity to position 4 in the other strand, and similarly for positions 3 and 7. Thus, the amino acids in position 3, 5, and 7 are proposed to contact the DNA, while the hydrophobic amino acids in positions 4 and 6 are proposed to point away from the DNA and to engage in productive contacts with each other.
The model predicts that DNA contacts are mediated by the (Fig. 2) . Specificity determinant maps to position 7. To test this hypothesis, we constructed single and double mutations of P1 Phd and Salmonella Phd at the third and seventh amino acid positions (Fig. 2C ) and then tested these constructs for their ability to repress transcription from the P1 and the S. enterica serovar Typhimurium addiction promoters, as indicated by lacZ fusions. In fact, relative to wild-type P1 Phd, P1 PhdR7S showed decreased activity on the P1 promoter (1.3-fold versus 7.8-fold repression) and increased recognition of the Salmonella addiction promoter (7.5-fold versus 1.1-fold repression) ( Table 7) . Alteration of the third residue of P1 Phd (from S to T) tended to increase the strength of repression but did not alter repressor specificity.
In the reciprocal experiment we observed that, relative to wild-type S. enterica serovar Typhimurium Phd, S. enterica serovar Typhimurium PhdR7S had increased recognition of the P1 promoter (4.2-fold versus 1.3-fold repression) and decreased recognition of the S. enterica serovar Typhimurium promoter (0.9-fold versus 26.7-fold) ( Table 8 ). Alteration of the third residue of S. enterica serovar Typhimurium Phd from T to S tended to decrease repressor activity without altering repressor specificity. Thus, in reciprocal experiments, the alteration or exchange of the seventh amino acid in the repressors resulted in the corresponding alteration or exchange of promoter specificity, indicating that in this instance the seventh amino acid was the primary specificity determinant and was responsible for the different promoter specificities of the P1 and S. enterica serovar Typhimurium Phd proteins. The sev- (41, 63) or hypothesized (P1 Phd and S. enterica serovar Typhimurium Phd) to contact the DNA are in bold. Residues in these positions that differ from those found in wild-type P1 Phd are underlined. B. Model. We propose that in a Phd dimer, the N termini form an antiparallel ␤-sheet, as indicated. Positions 3, 5, and 7, shown in bold, are proposed to contact bases in the major groove of the DNA site. The model is reasonably consistent with general observations and models regarding ␤-sheet DNA-binding proteins (76, 79) . C. Repressors. If the model is correct, then differences in the DNA-binding specificity in this protein family are likely to map to residues 3, 5, and 7. In the case of P1 and S. enterica serovar Typhimurium Phd proteins, positions 3 and 7 differ, but the amino acid at position 5 is conserved. In order to test the model, single and double mutations at positions 3 and 7, in both P1 Phd and S. enterica serovar Typhimurium Phd, were constructed, as shown. Although the amino acid identity at position 7 of Phd is an important determinant of DNA-binding specificity, this position is not well conserved. In an alignment of probable Phd homologs, positively charged (RKH), polar (NQST), hydrophobic (AGLF), and negatively charged amino acids (D) are all observed at position 7 (indicated in bold). In protein-DNA complexes, positive, polar, hydrophobic, and negative amino acids most commonly contact G, A, T and C bases, respectively (50) . The position-specific iterated BLAST program (3) was used to identify list of Phd homologs, not necessarily associated with a Doc homolog. The sequence of P1 Phd was used to initiate this program. A low limit (expectation Ͻ 0.1) was used for inclusion. At each iteration, sequences were manually selected for the presence of the N-terminal region, and proteins lacking homology in this region were excluded from the analysis. Although the inclusion limit was low, the program converged upon a group of sequences for which the expectation of a chance match was less than 1 E-6. These sequences were then downloaded in their entirety and realigned in Clustal W (80) on October 30, 2017 by guest http://jb.asm.org/ enth amino acid is the key specificity determinant that permits specific discrimination between the P1 and Salmonella promoters. Percolation of the seventh amino acid. Although the seventh amino acid plays a critical role in operator recognition, it is not well conserved. We identified a set of Phd homologs, not necessarily associated with Doc homologs, (Fig. 3) , and then looked at the variation of amino acid identities in the seventh position. Position 7 was much more variable than, for example, positions 1, 4, 6, 8, 9, 10, and 12 to 18. In the alignment of Phd proteins, amino acids with positively charged, polar, hydrophobic, and negatively charged side chains were observed at position 7, indicating that repressor-operator covariation may be common in this protein family (Fig. 3) .
In a set of major-groove protein-DNA complexes surveyed by Mandel-Gutfreund and Margalit, the positively charged, polar, hydrophobic, and negatively charged amino acid side chains were observed to interact most commonly with G, A, T, and C bases, respectively (50) . These preferential interactions are probabilistic, not absolute (10, 50, 60) . In Mandel-Gutfreund and Margalit's data set, the preferred ligand of the positive, polar, hydrophobic and negative amino acids was observed in approximately 74%, 46%, 77%, and 93% of the cases, respectively. Interestingly, the most specific classes of amino acids (hydrophobic and negatively charged) were also the least frequently utilized.
Seventh amino acid of the repressor recognizes the first and eighth base pairs in the palindromic site. Since the consensus P1 and Salmonella palindromes differ only in positions 1 and 8 (Fig. 1A) , we suspected that the seventh amino acid of the repressor interacted with the first and eighth base pairs of the palindromic repressor-binding site. However, the P1 and Salmonella promoters differ at many nucleotide positions. In order to determine if the ability of the proteins to discriminate between the promoters could be ascribed solely to this difference in the consensus palindrome, we constructed a set of isogenic promoters, based on the P1 promoter, which contained just a single palindromic binding site. We then constructed a set of variant promoter constructs, differing only in the identity of the nucleotides at the first and last positions of the palindromic site.
As predicted by the model, the Salmonella Phd was able to provide a modest (2.1-fold), but statistically significant repression of the TTGT ⅐ ACAA construct, but had little or no effect (1.1-fold) on the GTGT ⅐ ACAC palindrome ( Table 9 ). The mutant Salmonella PhdS7R displayed the reciprocal pattern-it failed to repress the promoter containing the TTGT ⅐ ACAA palindrome (0.9-fold repression), yet it provided a modest and statistically significant repression of the isogenic promoter containing the GTGT ⅐ ACAC palindrome (4.9-fold repression). Thus, the allele-specific interactions indicate that the seventh amino acid of the repressor does in fact discriminate between promoter constructs differing only in the first and eighth base pairs of the single palindromic binding site.
In the reciprocal experiments we observed that P1 PhdR7S lost the ability to repress the GTGT ⅐ ACAC construct (0.9-fold repression) but in this instance failed to exhibit significant repression of the TTGT ⅐ ACAA construct (1.1-fold repression), most likely due to a lack of sensitivity in the experimental system (which lacks the corepressor and which has only a single palindromic site). Wild-type P1 Phd repressed the GTGT ⅐ ACAC construct (5.6-fold repression) and did not repress the TTGT ⅐ ACAA construct (1.0-fold repression), as expected (Table 9) .
Fuzzy recognition. The repressors with arginine (R) at position 7 recognized the GTGT ⅐ ACAC construct but failed Table 9 ). In the earlier, more sensitive but less well-controlled experiments, the repressors with serine at position 7 interacted preferentially with the S. enterica serovar Typhimurium promoter, but showed a slight but significant activity on the P1 promoter (Tables 5, 7 , and 8).
Factors facilitating the stepwise divergence of specificities. Three circumstances may have facilitated the divergence of repressor-operator specificities in the P1 and S. enterica serovar Typhimurium addiction operons. First, the negative feedback loop present in these systems is inherently robust and will function, by self-adjustment, for a range of affinities and specificities. A modest decrease in affinity will result in a compensatory increase in expression, and thus the reestablishment and retention of homeostatic functions, at a slightly different set point. Second, fuzzy recognition is characteristic of protein-DNA interactions. Although repressors with arginine at position 7 were specific for the operators with G at position 1 (and in the symmetric position 1Ј), repressors with serine at position 7, had a more relaxed or "fuzzy" specificity and could recognize palindromes in which the first position was T, C, or, to a lesser extent, G. Thus, the serine repressors exhibited a relaxed or "fuzzy" specificity and could recognize some nonconsensus sites. Third, there is considerable evidence in this system for the duplication and divergence of sites. The S. enterica serovar Typhimurium operator has three palindromic sites, while the P1 operator has only two. Thus, one site has clearly been lost or gained during the divergence of the two systems. Given at least two sites, template switching during replication might produce, at a fairly high frequency, expansions or contractions of the operator. There is also considerable evidence for the divergence of the sites within an operator. One of the two P1 sites is imperfect, and similarly, two of the three S. enterica serovar Typhimurium sites are imperfect. The tolerance for such imperfect sites is probably greatly facilitated by the presence of the cooperative interactions between adjacent sites. Given a perfect and an imperfect site, an alteration in the repressor may yield the same outcome-one imperfect site and one perfect site.
Nearly neutral network. It may be possible to alter the repressor-operator specificity, or other protein-ligand interactions, by a series of nearly neutral steps (75) (Fig. 4) . This avoids the theoretical difficulties associated with invoking simultaneous mutations or low fitness intermediates. Mechanistically, the robust circuitry, the fuzzy recognition of operators by repressors, and the duplication and divergence of binding sites are three factors that may contribute to the ability of this repressor-operator system to explore genotypic space in a nearly neutral stepwise fashion.
Conclusion. The Salmonella and bacteriophage P1 addiction operons have similar patterns of autoregulation but different specificities. The key specificity determinants in this instance map to the seventh amino acid of the repressors and to the first and last base pairs of the 8-bp palindromic Phd-binding sites. The seventh amino acid is not well conserved, indicating that alterations of specificity are common in this protein family. We propose that the robust properties of the negative feedback loop, the fuzzy recognition in the operator-repressor interface, and the duplication and divergence of the repressor-binding sites have facilitated the speciation of this repressor-operator interface. These three features may allow the repressor-operator system to percolate within a nearly neutral network of single-step mutations without the necessity of invoking simultaneous mutations, low-fitness intermediates, or other improbable or rate-limiting mechanisms.
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FIG. 4. Nearly neutral network. We suggest that operator-repressor space can be traversed by a nearly neutral network of single step mutations. Such a network requires a degree of fuzzy recognition between amino acid side chains and DNA bases. The degeneracy of the protein-DNA recognition code is well established (11) . In the case of the P1 addiction operon and its closer homologs, the development of a nearly neutral network might be further facilitated by the robust properties of the negative feedback loop, by the presence of oligomeric interactions and by the duplication and divergence of the repressorbinding sites. To the first approximation, amino acid-base contacts appear to be fairly independent (9, 10, 12, 28, 50) , however, both quantitative and qualitative exceptions to this generalization (reflecting a high degree of interdependence) have been well documented (14, 49, 62) . In this figure, a repressor-operator family with a distinctly different or extensively remodeling repressor-operator interface would generate a parallel or intersecting ridgeline. Although biochemically acceptable, the transition between two such ridges might be evolutionarily difficult. The general tendency toward approximately independent contacts (75) in repressor-operator interactions (and other proteinligand interactions) may reflect the constraints on the evolutionary process by which the system was generated rather than the structural requirements of the protein-DNA interaction itself.
